ABSTRACT
INTRODUCTION
Offshore wind farms provide substantial energy production compared to onshore farms regarding wind quality and deployment area availability. In a scenario, where half of Europe's electricity demand by 2050 will be fulfilled through the wind energy, the majority of this power shall be produced offshore, highlights the absence of land availability for development [8] .
Cost is the major limitation of the development of offshore wind turbines (OWTs) [30] . The installation and maintenance of a wind turbine at sea needs high infrastructure and better resources, which in turn makes them difficult to install and operate offshore. The difficulties in accessing and maintaining offshore wind turbines (OWTs) lead to increased operation and maintenance costs, this is because of the fact that only specific transportation resources can be used to supply maintenance sites for OWTs, and subsequently, increased cost of energy [24] .
Moreover, the extreme marine operating conditions such as salt-fog, humidity, sea ice and typhoon will result in a higher failure rate in comparisons with onshore ones. In turn, this will lead to more maintenance cost [25, 31] . According to Snyder and Kaiser [26] , the maintenance and operation of an offshore wind farm contribute to a very high cost. Optimizing schedule maintenance can be one of the cost-effective way. In this research, a maintenance cost model corresponding with opportunistic maintenance (OM) strategy, is promoted and the procedure of the costs minimization is adopted.
Previous studies are conducted to optimize the maintenance cost of onshore wind turbines (WTs). A host of fundamentals, technologies and economics of WTs was provided by Hau [12] . Bertling and Besnard [2] promoted a model which is used to optimize the condition-oriented maintenance of the WT components, for which the degradation will be classified into different categories based on the damage level. Carlos et al. [3] optimized the onshore wind farms maintenance based on stochastic model. Ding and Tian [6, 7] promoted an approach to make comparisons among three optimization models. According to them, preventive maintenance (PM) has three models, including an imperfect model, a perfect model and a two-level model. In both studies, OM following imperfect two-level action was found to be optimum for WT. Asgarpoor and Kahrobaee [15] investigated how a hybrid analyticalsimulation method is going to work for the optimization of the maintenance of the deteriorating equipment via the case study concerning WTs. Laggoune et al. [18] had a consideration of the opportunistic components replacement via the components grouping. It is conducted in such a way that replacement times of every component in this group actually are an integer multiple of the least replacement time. Under such case, it is not optimal to have such wide component replacement, though the system wide optimization is indeed possible.
OWT's maintenance grouping optimization has been recently attached with great attention. Laura and Vincente [19] analyzed the lifecycle cost for offshore wind farms. Bertling and Nilsson [22] illustrated the effect of condition monitoring as two cases' maintenance strategies, including a wind farm offshore and a single turbine onshore. With reference to their study, the cost of the strategy and also the maintenance management of the offshore power systems are benefited from the condition monitoring process. These costs will be covered by 0.43% increase of the availability of turbines used for power generation. Karyotakis and Bucknall [17] planned intervention as a maintenance and repair strategy for OWTs. Sorensen [27] proposed a framework for risk-based planning of operation and maintenance for OWTs. Arshad and O'Kelly [1] proposed different ideas with respect to maintenance operation and costs by reviewing different OWT structures. Carroll [4] provided failure rate, repair time and unscheduled O&M cost analysis of OWTs. Two different maintenance strategies, namely conditionbased and corrective maintenance was compared by Nielsen and Sorensen [21] for a generic OWT with single component. Besnard et al. [2] proposed a model for OWT maintenance support organization, considering modes of transportation for maintenance, location of maintenance team, service hours, and number of teams as decision variables. Hameed and Vatn [10] analyzed the role of grouping in the development of an overall maintenance optimization framework for OWTs.
OWTs' maintenance activities sometimes are conducted in harsh operating conditions. Generally speaking, the PM activity is not that perfect. For example, it fails to restores the system and change it back to the as-good-as-new status [6, 7] . In this research, imperfect PM is taken into the consideration. The age reduction factor is also taken into consideration to model the imperfect PM. The downtime caused by wind farms' insufficient accessibility will also be taken into consideration in this study. The rolling horizon method promoted by Wildeman et al [32] is adopted, which can help to update the maintenance plan easily according to the short-term information. The optimal PM activities are decided via the maximization of the OWT system's OM short-term cost savings.
In this research, the OM model is promoted so that the OWT system's maintenance cost can be optimized according to the rolling horizon approach. Section 2 presents the system description and assumptions. Section 3 presents the analysis of the development of the rolling horizon approach in a condition with many maintenance constraints. Two optimization conditions (imperfect maintenance and perfect maintenance) are illustrated in this section. OWT's statistical data are presented in Section 4 to achieve the goal of grouping maintenance optimization. The calculated results are also discussed. Conclusions are addressed in the last section.
SYSTEM DESCRIPTION AND ASSUMPTIONS

SYSTEM DESCRIPTIONROTON
A OWT system consists of various components, which are either independent or auxiliary to each other to guarantee the performance of the entire system. OWTs include critical mechanical components such as rotors, gearbox, generators and pitch mechanisms, they cost more than 30% of total capital expenditure for offshore wind project [14] . Fig. 1 shows the composition of OWT system.
ROTOR
Rotor, the core component of OWTs system is divided into three parts in literature: rotor blades, rotor hub and rotor bearings. The rotor blades are the components of the wind turbine with the highest percentage in term of downtimes. The leaves are primarily associated with physical failures, like low strength and low energy fibrous materials, cracks, corrosion and delamination, that appear in the principal and irregular edges of the blades [16] . The effective lifetime of an offshore wind turbine blade is shorter than onshore. The former has the drawback of rotor-blades experiencing higher mechanical stress and environmental damages in marine locations [24] . The rotor hub is usually made from cast iron [29] , consisting of electrical and mechanical equipment inside for regulating the blades. The hub bolsters dense loads accounting to clearance relaxing of the imbalance, blade root, surface unevenness and cracks [11] . The bearing has a very high synthetic mechanical property to sustain the load/torque during the start and shutdown of the OWTs. Bearings held between hub and blades can be damaged due to wears, prompting the distortion of external facade, overheating and spalling the parts of the bearings [20] .
GEARBOX
Gearbox is required to tie the rotational speed to the desired speed of the electric generator. The gearbox failure is one of the most typical failures [13] . Many studies in literature explain the standard gearbox failures, as they cause significant downtimes in the OWTs system [28] . Gearbox damage is mainly caused by the shock load caused by the unstable wind speed and the salty air which contribute to erosion. In addition, a long time is required to fix the gearbox in case of a shutdown, due to its size and high installation position.
GENERATOR
The generator is connected to the electrical system and supplies the transformed energy to the electrical system. The generator failure is generally attributable to high temperature, abnormal speed, stator insulation damage, inter turn short circuit, bearing damage, collector ring fault etc. [33] .
PITCH
The pitch is the major contributor of overall OWT failures through collected records [23] . It is precisely interconnected to the blades of the rotor. Its primary objective is to adjust the output power at high functioning wind speeds. Pitch regulation changes the control of the framework to estimate blade position, gauge power output and inculcate fluctuations of the pitch by varying the rotor geometry. Pitch regulation enables to start the wind-powered turbine swiftly as wind increases [5] . The turbulence of wind causes pitch system faults.
ASSUMPTIONS
Because of the complexity of wind turbine components and actual maintenance actions, it is necessary to simplify the system. The proposed maintenance strategy is based on the assumptions below:
(1) The wind turbine system is reduced to four main components (rotor, gearbox, generator and pitch). All the components are independent and follow a Weibull distribution with a scale parameter α and a shape parameter β, then:
(2) Whenever the component fails, a corrective maintenance is performed. Corrective maintenance can only recover the component's function and it cannot change the component's failure rate.
(3) Whenever the component reaches its reliability threshold, a PM action will be implemented. This assumption assures that the proposed imperfect PM model is reliability-centered, which implies that the failure risk in each PM cycle is equal. After the PM action, the component begins a new degradation process because of the imperfect PM effect.
(4) As all the components actually are in series, it is reliable to assume that all the components in this system will have the same downtime cost named C d in the PM activities. That implies C d1 =...= C dn = C d . We also assume that the duration of PM for every component is equal to τ i which means τ i1 =…= τ in = τ i .
EXTENSION OF ROLLING HORIZON APPROACH
This section presents a dynamic maintenance grouping approach used for the OWT maintenance optimization. The proposed approach is modified according to the rolling horizon approach and has been classified into 5 phases:
PHASE 1: INDIVIDUAL OPTIMIZATION
Just like what is described in Section 1, the function of the failure rate before and after the maintenance has been listed as follows:
The PM of every component is equal periodic for the perfect maintenance. The PM activity changes the system back to the as-good-as-new status (a 1 = 0). The function of the failure rate before and after the maintenance is:
Where λ i,j (t) is the failure rate function of component i prior to the j-th PM.
The PM of every component actually is unequal periodic for the imperfect maintenance. The PM activity is adopted for the imperfect maintenance actions' modeling which cannot change the system back to the initial status (0<α i <1). The connection between the functions of the failure rate before and after the j-th PM is defined as follows
Where Δt i,j is the PM interval of component i prior to the j-th PM.
According to the assumptions, PM activity is performed for component i if it reaches the threshold R i . In such an instance, a reliability equation can be constructed as Eq. (4) can be rewritten as Where represents the cumulative failure risk of component i in maintenance cycle j, implying that the number of corrective repair for component i in each maintenance cycle is equal to -ln R i .
T represents the mission time, for the perfect maintenance, the expected maintenance cost per unit time for component i can be calculated as follows:
Where τ i,j is the duration of PM, C m(i) is the corrective maintenance cost which includes the repair cost and the downtime cost during the maintenance. C p (i) 
For the imperfect maintenance, assuming the number of PM actions for component i during the mission time is N i , the average maintenance cost for component i can be evaluated as
Where Cʹ p(i) is preventive maintenance cost of component i, its value is related to α i and C p(i) , which can be expressed as
Eq. (7) satisfies .
Δt i,j represents the individual optimal PM interval length, which can be calculated from Eq. (5), and it is a function of R i . The optimal PM reliability threshold R i for component i can be decided through the minimization of the CE i . The obtaining of reliability threshold R i is the basis of the following opportunistic PM model.
PHASE 2: TENTATIVE PLANNING
This phase targets on building up all tentative maintenance dates, assuming that the maintenance activities are conducted separately in the interval time of PM. Based on the nominal preventive maintenance frequencies, the first tentative maintenance execution time of component i (i=1,…,n) denoted t i,1 can be calculated by
Where t begin is the current date, without loss of generality we can set t begin = 0. Based on the individual optimal PM interval length Δt i,j of phase 1, let t i,j denote the j-th PM time of component i since t begin in the scheduling horizon, the tentative execution time of t i,j is determined as follow:
After this phase, all PM activities' tentative execution times in the scheduling horizon have been defined.
PHASE 3: ECONOMIC PROFIT FORMULATION
This phase is mainly about creating economic profits when the PM activities are carried out simultaneously. The PM activities grows for other components if one of the components (suppose component k) hits its reliability threshold in the n-component series system. It suggests that the component i (i≠k) has the opportunity to remain together with component k or with any other component when component k during the τ k,j time for the j-th preventive maintenance. The corresponding economic profit of such a group can be classified into four phases listed as follows if the components i and k have been simultaneously maintained:
Where C D(i,k,j) is the downtime cost saving when components i and k are simultaneously maintained for the j-th maintenance, which can be shown as
is the maintenance cost saving because of the maintenance of component i in advance which leads to reduction of the unexpected failure. Then C M(i,k,j) can be expressed as
Where R i,k is the reliability of component i when component i is simultaneously maintained with component k. Furthermore, all of the scheduled PM times will change due to the advancement of the PM action. Suppose Δt i,j is the original PM schedule and Δt´i ,j is the new PM schedule, the cumulative time shift from the old one to the new one should be (13) Where N i is the time of original PM schedule, is N ' i the time of new PM schedule. Δt i,j satisfies (14) and Δt´i ,j satisfies The original failure rate function λ i,j (t) and the new failure rate function λ´i ,j (t) can be deduced from Eq. (3). Therefore the penalty cost for component i to advance the PM action is (16) From Eq. (12) to (16), the OM cost saving can be obtained when components i and k are simultaneously maintained for the j-th maintenance. If C s(i,k,j) < 0 the grouping implies a negative economic dependence. Consequently, the group components should not be simultaneously maintained. If C s(i,k,j) > 0 the grouping leads to a positive economic dependence and we can consider the components i and k simultaneously maintained.
In the next phase, a combination of OM activities for each component is chosen, and the best one based on the opportunistic cost C s(i,k,j) is selected.
PHASE 4: COMBINING MAINTENANCE ACTIONS
The objective of this phase is to group the maintenance activities to reduce the maintenance cost. For an n-component series system, the component maintenance activity can be considered as a collection of G. Each time the system shuts down, the decision of maintenance combination G 1 , G 2 ,… G l is a mutually exclusive subset of G, which satisfies (17) Coming to the number of the components increases, there's an exponential growth of the combination G. The candidates will become more complex. Whenever component k (k {1,...n}) reaches its reliability threshold R k and preventively maintained, all OM combinations will be simulated and the cost savings of this OM will be calculated. The OM combinations' total cost saving will be expressed as follows: (18) By comparing the different combinations of C(G l ), the largest profit C(G l ) can be selected as the optimal decision of the OM.
PHASE 5: MAINTENANCE EXECUTION AND ROLLING-HORIZON UPDATE
According to the previous step, the maintenance schedule has been determined. The maintenance actions are carried out based on the maintenance schedule. After that, phases (2) to (4) have been repeated when other components have reached its reliability threshold (k=k+1). The OM schedule can be generated during the planning period. All the phases will be repeated if there are some changes in the working environment before the mission time. Fig. 2 . presents the procedure of OM optimization based on rolling horizon approach.
CALCULATION AND ANALYSIS INPUT DATA
All the OWTs in this research are aged between 3 to 10 years old. They are chosen from 5 to 10 farms in Europe. The nominal power is from 2 to 4MW while the rotor diameter is from 80m to 120m, as a guide to the turbine type's size. The full data is extracted from the operational data of 1768 turbine years [4] . The onshore and offshore failure models are listed in Table 1 Table 2 summarizes the properties of the OWT components and cost parameters. Assuming the capacity of analyzed OWT is 3MW and the electricity tariff (including tax) is 0.1€, the downtime cost during PM is C d(i) =3000×24×0.1=7200 €/d. The age reduction factor refers to the historical maintenance records, which are assumed as follows: rotor--0.008, gearbox--0.006, generator--0.005, pitch--0.005. The mission time T is 1800 days (5 years).
GROUPING MAINTENANCE PLANNING
Based on the opportunistic group maintenance method proposed in Section 3, the maintenance information of the four components is simulated. Grouping maintenance planning results, considering perfect and imperfect maintenance for OWTs, are presented in Fig. 3 and Fig. 4 respectively.
The outcomes illustrate that the pitch ranks on top in terms of maintenance frequency. The explanation is that the pitch's statistical failure rate is beyond the other components. The pitch's preventive maintenances provide maintenance opportunities for other components when it reaches its reliability threshold as first.
The maintenance schedule for each component with perfect maintenance and imperfect maintenance are separately listed in the Table 3 and Table 4 . Table 5 shows the comparison of maintenance times between perfect and imperfect maintenance for OWTs.
The outcomes illustrate that the imperfect maintenance will shorten the components maintenance cycle. Comparatively speaking, the imperfect maintenance cycle is earlier than that of the perfect maintenance time. These two cases' maintenance combinations and the maintenance schedule are basically similar at the initial stage. However, with the passage of time, the maintenance combinations are quite different (Tab. 3 and Tab. 4). Focusing on the pitch, the maintenance cycle is shorter when the age reduction factor is introduced. The 11th maintenance is conducted on the 1543 th day. Immediately after that, the 12 th maintenance is conducted with generator on the 1620 th day. However, the 12 th maintenance for the perfect maintenance is conducted on the 1693 th day. During the general planning cycle of the pitch, there are one less PM and two more OM in the imperfect maintenance (Tab. 5). This guarantees the reliability and safety of the pitch. As described in section 1, PM activity generally doesn't prove to be perfect in restoring the system back to form, hence, the application of imperfect maintenance in this paper is more realistic and precise. Table 6 shows the maintenance schedule and the cost savings of each OM for four components with imperfect maintenance. It is concluded that the maintenance expenses are significantly decreased through OM for OWTs. According to the maintenance schedule, all the four components of OWT system are maintained together at time 695 th day, 845 th day, 1347 th day and 1775 th day. The most cost saving is 44086.0€ on the 695 th day when the 6 th OM is performed. The total cost savings in the mission time (T=1800days) is 245304.2€ and the average daily cost savings is 136.3 € when the OM strategy is implemented. Maintenance expense decreases from 292.7€ to 156.4€ in terms of the OWT system, indicating that 46.6% of the cost is conserved. Fig. 5 presents the proportion of maintenance costs. Pitch occupies 36% of the overall expenses owing to its high failure rate and maintenance cost. Therefore, the maintenance plan of pitch should be well treated.
ECONOMIC PROFIT ANALYSIS
The OWTs' failure rates are comparatively higher than that of the onshore ones obviously because of the harsh marine conditions [4] . The maintenance activities' fixed costs are dramatically different as the OWTs are equipped with specific transportation resources. Grouping maintenance information of onshore WTs is diagramed in Fig. 6 . based on statistical failure rate and maintenance costs [9] . The maintenance schedule and the cost savings of each opportunistic maintenance for onshore WT system with imperfect maintenance is shown as Table 7 .
To conclude, the maintenance expenses are also dramatically reduced via the OM. There are 92.3€ being saved every day. It is deserving to notice that the onshore WTs' OM times are comparatively less than that of the OWTs as it has lower failure rate. Fig. 7 presents a comparison between the onshore and offshore WTs system. Because of the application of the OM, the maintenance expense of the onshore WTs system reduces from 237.4€ to 145.1€, this implies that 38.9% of the cost has been conserved. Just like what is mentioned in point 4.3, the maintenance expense drops from 292.7€ to 156.4€ in the OWT Component  147  237  346  447  542  695  845  995  1083  1235  1347  1543  1620  1775 Rotor 
CONCLUSIONS
This paper promotes an opportunistic PM scheduling method according to dynamic programing, taking the imperfect maintenance and the PM durations into consideration. The economic advantage has been illustrated. The age reduction factor has been introduced in the description of the PM activities. The input data are obtained from previous studies. Maintenance schedule during the mission time has been decided through the selection of the best combination.
In the overall planning cycle of the pitch, the case of imperfect maintenance has two more OM and one less PM than the perfect maintenance which ensures the safety and reliability. The pitch has the highest maintenance frequency and it occupies 36% of the overall expenses owing to its high failure rate and maintenance cost. Therefore, the maintenance plan of pitch should be well treated. The researches which are 6, 6, 7, 8 times of OM are implemented respectively to pitch, generator, gearbox and rotor if the grouped maintenance planning has been adopted. The total cost savings in the mission time (T=1800days) is 245304.2 €, and average daily maintenance expense decreases from 292.7€ to 156.4€ for the OWTs system, indicating that 46.6% of the cost is conserved. With the application of the OM, the maintenance expense of the onshore WTs system reduces from 237.4€ to 145.1€, which implies that 38.9% of the cost has been conserved. The necessity of OWTs OM is demonstrated through the expense comparison between onshore and offshore WTs.
More detailed studies are needed so that the maintenance planning can be improved, which includes the discussion on the relevant failures and component dependencies, considering the limited available repairmen effect. The proposed method will hopefully be extended to the offshore wind farms.
